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Top i ca l Rev iew

A critical role of TRPM channel-kinase for human
magnesium transport
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Hereditary disorders of magnesium homeostasis comprise a heterogenous group of diseases
mainly affecting the renal conservation of magnesium. In the past few years, genetic studies in
affected individuals disclosed the first molecular components of epithelial magnesium trans-
port: the tight junction protein paracellin-1 (claudin-16) was discovered as a key player in
paracellular magnesium and calcium reabsorption in the thick ascending limb of Henle’s loop and
the γ-subunit was identified as a component of renal Na+–K+-ATPase critical for transcellular
magnesium reabsorption in the distal convoluted tubule. However, the molecular identity of
proteins directly involved in cellular magnesium transport remained largely unknown until a
series of recent studies highlighted the critical role of two members of the transient receptor
potential (TRP) family, for body magnesium homeostasis. TRPM6 and TRPM7 belong to the
melastatin-related TRPM subfamily of TRP channels whose eight members exhibit a significant
diversity in domain structure as well as cation selectivity and activation mechanisms. Both
proteins share the unique feature of an atypical kinase domain at their C-terminus for which
they have been termed ‘chanzymes’ (channels plus enzymes). Whereas electrophysiological and
biochemical analyses identified TRPM7 as an important player in cellular magnesium homeo-
stasis, the critical role of TRPM6 for epithelial magnesium transport emerged from the discovery
of loss-of-function mutations in patients with a severe form of hereditary hypomagnesaemia
called primary hypomagnesaemia with secondary hypocalcaemia or HSH. The aim of this
review is to summarize the data emerging from molecular genetic, biochemical and electro-
physiological studies on these fascinating two new proteins combining ion channel and enzyme
functions/properties.
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Magnesium is the dominant divalent intracellular cation
and is essential for a tremendous variety of cellular
processes such as enzyme function, DNA and protein
synthesis, and the regulation of ion channels. Magnesium
homeostasis primarily depends on the balance between
intestinal absorption and renal excretion. However, little
is known about the molecular nature of the proteins
involved in transepithelial transport of magnesium
in these organs. Therefore, genetic studies in rare
hereditary diseases affecting magnesium metabolism offer
a unique opportunity to study the mechanisms of cellular
magnesium transport at the molecular level.

Recently, the genetic analysis of patients with hypo-
magnesaemia with secondary hypocalcaemia (HSH), a
disorder characterized by a combined defect of intestinal
and renal magnesium transport, resulted in the discovery
of TRPM6 as a crucial component of epithelial magnesium

transport (Schlingmann et al. 2002; Walder et al. 2002).
Before, a close homologue of TRPM6, the ubiquitiously
expressed TRPM7, was functionally characterized as a
constitutively active ion channel permeable for a variety of
cations including calcium and magnesium and regulated
by intracellular concentrations of magnesium and/or
magnesium–nucleotide complexes (Nadler et al. 2001;
Runnels et al. 2001). TRPM7 was shown to play a
crucial role in cellular magnesium homeostasis as targeted
gene deletion of TRPM7 in cell lines led to intracellular
magnesium deficiency and growth arrest (Schmitz et al.
2003).

Both TRPM6 and TRPM7 are closely related members of
the TRPM transient receptor potential ion channel family
named after its founding member melastatin. The eight
proteins of the TRPM family harbour an ion channel
moiety with six transmembrane domains and a putative
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pore region between the fifth and sixth transmembrane
domain and contain a 25-amino acid TRP domain of
unknown function located C-terminally of the ion channel
domain common to all TRP channels. TRPM channels
differ from other TRP subfamilies in exhibiting a long
conserved N-terminus of unknown function as well as
an extended C-terminus. Three members of the TRPM
family are characterized by a C-terminal enzyme domain
for which these proteins have been termed ‘chanzymes’
(Montell, 2003). TRPM6 and TRPM7 share the feature
of unique C-terminal serine/threonine protein kinase
domains resembling those of elongation factor 2 (eEF-2)
kinase and other α-kinases (Ryazanova et al. 2001).

TRPM6 mutations found in HSH patients are the
only naturally occurring human knock-out for a member
of the TRPM family described so far. Therefore, the
mutational analysis of affected individuals together with a
functional characterization of mutant TRPM6 represents
an attractive approach to gain further insight into TRPM
ion channel function.

Hypomagnesaemia with secondary
hypocalcaemia (HSH)

Primary hypomagnesaemia with secondary hypo-
calcaemia is a rare autosomal-recessive disease
characterized by extremely low serum magnesium
levels (∼0.2 mmol l−1) accompanied by hypocalcaemia
(∼1.6 mmol l−1). It was first described by Paunier
et al. (1968). Hypocalcaemia results from an inhibition
of parathyroid hormone synthesis and release from
the parathyroid gland in the presence of profound
hypomagnesaemia (Anast et al. 1972). It is typically
manifested in affected children during the first months
of life with generalized convulsions or signs of increased
neuromuscular excitability like muscle spasms or tetany.
Relief of clinical symptoms and complete normalization
of calcium homeostasis is assured by an immediate
administration of magnesium usually via the intravenous
route followed by lifelong substitution with high oral doses
of magnesium (Shalev et al. 1998). In contrast, serum
magnesium levels usually fail to reach normal values
under oral substitution and remain in the subnormal
range (around 0.5–0.6 mmol l−1). Delay in diagnosis can
lead to severe neurological deficits or may even be fatal.
Daily oral magnesium doses greatly vary between patients
with a mean dose of around 1 mmol (kg body wt)−1 day−1

which is equivalent to four times the recommended
daily allowance. Adolescent patients usually tolerate oral
magnesium to a lesser extent than infants and younger
children and on average receive larger amounts per
kilogram body weight. The main side-effect of high oral
magnesium supplementation is pronounced diarrhoea
which is observed in a considerable number of patients.

Contrasting with all other hereditary disorders of
magnesium homeostasis, pathophysiological studies in
affected patients using radioactive magnesium isotopes
pointed to a primary defect in intestinal magnesium
absorption (Lombeck et al. 1975; Milla et al. 1979).
The presence of an additional renal magnesium leak in
HSH was controversially discussed (Milla et al. 1979;
Stromme et al. 1981; Matzkin et al. 1989). At last,
renal magnesium wasting in HSH patients was clearly
demonstrated by using magnesium loading tests (Walder
et al. 2002). Whereas magnesium excretions tend to be
low during initial presentation, the renal magnesium
leak becomes apparent with rising serum magnesium
concentrations indicating a lowered renal threshold for
magnesium. Physiologically, the kidney aims at preserving
magnesium by lowering fractional excretions below
0.5–1% during hypomagnesaemia with virtually absent
renal magnesium excretion when serum magnesium
decreases below ∼0.7 mmol l−1 (Rodriguez-Soriano et al.
1987). In contrast, HSH patients exhibit high fractional
excretions of around 3% in the face of continuous hypo-
magnesaemia (see above) (Schlingmann et al. 2002).

By using a DNA pooling strategy, Walder and
co-workers had mapped a gene locus for HSH on
chromosome 9q22 (Walder et al. 1997). A positional
candidate gene approach then identified mutations
in TRPM6 as the underlying genetic defect in HSH
(Schlingmann et al. 2002; Walder et al. 2002). The
gene product TRPM6 had initially been identified
following a screening for homologues of elongation
factor-2 kinase and was originally termed kidney kinase
or channel kinase-2 (ChaK2) (Ryazanova et al. 2001).
Expression studies detected the presence of TRPM6
along the entire gastrointestinal tract as well as in
kidney, predominantly in the distal convoluted tubule
(DCT) (Schlingmann et al. 2002). Immunohistochemistry
confirmed the expected apical expression in the distal
convoluted tubule and showed a complete co-localization
with the sodium–chloride co-transporter (NCCT) and
also with parvalbumin and calbindin-D28K, two cytosolic
proteins that putatively act as intracellular magnesium
buffers (Voets et al. 2004).

The TRPM6 gene comprises 39 exons and codes for
a large protein of up to 2022 amino acids (Fig. 1). A
variety of splice variants has been identified including
three alternative first exons (Chubanov et al. 2004). The
biological relevance of these variants, however, remains
unknown. The spectrum of mutations identified in HSH
so far comprises stop mutations, splice site mutations,
frame shift mutations, deletions of exons, as well as a
single point mutation (Schlingmann et al. 2002; Walder
et al. 2002). Mutations mostly lead to a truncated TRPM6
protein. The only point mutation, S141L, affects a highly
conserved amino acid residue in the N-terminus of the
TRPM6 protein. Mutations leading to premature stops
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of translation are distributed over the entire TRPM6
gene.

What are the pathophysiological consequences
of a TRPM6 defect for magnesium transport in
intestine and distal convoluted tubule? In the intestine,
physiological studies indicate two different transport
systems for magnesium (Fig. 2): an active transcellular
transport and a passive paracellular pathway (Fine
et al. 1991; Kerstan & Quamme, 2002). The saturable
transcellular uptake consists of an apical entry into
the epithelial cell through a specific ion channel and
an unknown basolateral extrusion mechanism which
probably couples magnesium export to sodium influx.
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Figure 1. TRPM6 gene and grotein
TRPM6 consists of 39 exons spanning 167 kb of genomic sequence and coding for a protein of 2022 amino
acids. The TRPM6 protein harbours an ion channel region with six transmembrane domains and a putative pore
region between the fifth and sixth transmembrane domain, a long N-terminus conserved within the TRPM family,
the TRP domain of unknown function located C-terminally of the ion channel domain, and a C-terminal kinase
domain with sequence similarity to the atypical α kinases. The mutations identified in HSH patients by Schlingmann
et al. (2002) and Walder et al. (1997) are indicated. Several splice site mutations were detected, indicated at the
corresponding TRPM6 exon in the upper part of the figure. Diverse premature stop mutations and single base pair
deletions leading to shifts of the reading frame and a premature stop of translation (black) as well as one single
point mutation S141L (red) were identified. For these the consecutive change in TRPM6 amino acid sequence is
shown in the lower part of the figure.

Whereas at relatively low, physiological intraluminal
concentrations magnesium is primarily taken up via the
active transcellular route, passive paracellular magnesium
absorption linearly increases with rising intraluminal
concentrations. Together the two transport processes yield
a curvilinear kinetic for intestinal magnesium absorption
(Fig. 2). By increasing oral magnesium intake and
consecutively enhancing passive paracellular absorption,
HSH patients with defective transcellular magnesium
transport are able to achieve relief of symptoms and at
least subnormal serum magnesium levels.

In the kidney, different transport pathways for
magnesium exist along the nephron (Fig. 2) (de Rouffignac
& Quamme, 1994). The vast majority of filtered
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magnesium is reabsorbed in the thick ascending limb
of Henle’s loop via the paracellular route. This process
is mediated by a specific pore-forming protein called
claudin-16 or paracellin-1 (Simon et al. 1999). Mutations
in claudin-16 lead to familial hypomagnesaemia with
hypercalciuria and nephrocalcinosis, a combined urinary
magnesium and calcium wasting which almost invariably
leads to progression to end stage renal disease (Weber et al.
2001).

Only around 10% of filtered magnesium is reabsorbed
in the distal convoluted tubule (DCT). However, the DCT
determines the final urinary magnesium concentration
as no reabsorption takes place beyond this segment
(Quamme, 1997). Magnesium reabsorption in the DCT
is active and transcellular in nature.
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Figure 2. Epithelial magnesium transport in intestine and kidney
A, intestinal absorption follows a curvilinear kinetic resulting from two transport mechanisms: a saturable trans-
cellular transport (dotted line) which is of functional importance at low intraluminal concentrations and a
paracellular passive transport (dashed line) linearly rising with intraluminal magnesium concentrations. TRPM6
is a component of the active transcellular pathway as HSH patients are able to compensate for their genetic
defect by high oral magnesium intake. B, in the thick ascending limb magnesium is reabsorbed via the paracellular
route. Here, a specific tight juntion protein, paracellin-1 or claudin-16, permits the selective paracellular flux of
calcium and magnesium. Defects in paracellin-1 lead to combined calcium and magnesium wasting. C, the distal
convoluted tubule reabsorbs magnesium in a transcellular fashion, consisting of an apical entry into the DCT
cell through a magnesium-selective ion channel, probably consisting of TRPM6/TRPM7 heterotetramers, and a
basolateral extrusion of unknown molecular identity.

The renal magnesium leak in HSH patients together
with the expression pattern argue for an important role of
TRPM6 for active transcellular magnesium reabsorption
in the DCT. The current data suggest that TRPM6,
probably in cooperation with TRPM7, comprises the
apical magnesium channel responsible for magnesium
uptake from urine into DCT cells. In HSH patients,
renal magnesium wasting not only contributes to the
development of hypomagnesaemia in the postnatal period
but also prevents an adequate conservation of the absorbed
magnesium under supplementation.

Functional characterization of TRPM6

The discovery of TRPM6 mutations in hereditary hypo-
magnesaemia together with the functional data generated
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for TRPM7 called for functional characterization of
TRPM6. Unfortunately, results of different functional
characterizations of TRPM6 vary substantially. One group
succeeded in the heterologous expression of TRPM6 in
HEK293 cells and described large outwardly rectifying
whole-cell currents strongly resembling the currents
observed for TRPM7 by Nadler and colleagues (Voets
et al. 2004). In the presence of millimolar concentrations
of calcium and magnesium, currents show a reversal
potential near 0 mV without change in the current–voltage
relationship upon removal of either extracellular
sodium or chloride. As, under extracellular divalent-free
conditions, large inward currents develop most probably
indicating sodium permeability, the authors assumed
that the outwardly rectifying current–voltage profile of
TRPM6-induced channels reflects small inward fluxes of
divalent cations at negative potentials and large outward
flux of sodium at positive voltages (Voets et al. 2004).

The permeation characteristics with inward currents
exclusively carried by divalent cations with a higher
affinity for magnesium than calcium would support the
role of TRPM6 as the apical magnesium influx pathway.
Furthermore, Voets and colleagues demonstrated that
TRPM6-induced currents – in analogy to TRPM7 – exhibit

FITC
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Overlay

M6M7 M6 + M7

Figure 3. Immunolocalization of transiently expressed TRPM6 and TRPM7 in HEK 293 cells
TRPM7 (M7) and TRPM6 (M6) were expressed alone and co-expressed (M6 + M7). In co-expression experiments
a cDNA ratio of 1 : 3 (TRPM6/TRPM7) was used. Transfected cells were fixed and stained using either TRPM7-
(M7) or TRPM6- (M6 and M6 + M7) specific antisera. Cells were examined by confocal microscopy. Images of FITC
fluorescence (FITC) and overlays (FITC/DIC Overlay) of FITC and the corresponding differential interference-contrast
images (DIC) are shown. The arrows indicate the plasma membrane. Typical examples of three independent
experiments are presented.

a marked sensitivity to intracellular magnesium (Voets
et al. 2004).

In contrast, our group failed to observe measurable
currents upon TRPM6 expression. Instead, heterologous
expression studies of TRPM6 pointed to an intra-
cellular retention of the TRPM6 protein (Fig. 3). As
heteromultimerization had already been demonstrated
for several members of the TRP family, in particular
for the classic or canonical TRPC channels (Hofmann
et al. 2002), a functional interaction between TRPM6
and TRPM7 appeared possible. Studies on TRPC
heteromultimerization indicate that TRP subunits
solely interact with highly homologous partners, e.g.
heteromultimerization only occurs within the TRPC1/4/5
and TRPC3/6/7 subgroups. The phylogenetic analysis
of the TRPM subfamily based on amino acid sequence
similarities indicates that TRPM6 and TRPM7 fall into
one of four distinct groups composed of the eight family
members (Vennekens et al. 2002). Therefore, a functional
interaction between the two chanzymes appeared quite
plausible.

In fact, we could provide several lines of
evidence that support the critical role of TRPM6/7
heteromultimerization for TRPM6 function (Chubanov
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et al. 2004). First, RT-PCR studies on microdissected rat
nephron segments confirmed the overlapping expression
patterns of TRPM6 and TRPM7 along the nephron
with marked expression of both proteins in the distal
convoluted tubule. Heterologous expression either in
the Xenopus oocyte expression system or in mammalian
cells consistently proved that the TRPM6 protein alone is
retained intracellularly.

In contrast, co-expression with TRPM7 resulted in
incorporation of TRPM6 into channel complexes at
the plasma membrane detected by a TRPM6-specific
polyclonal antibody or by using GFP-fusion constructs.
Furthermore, a direct and specific protein–protein
interaction was confirmed by a static FRET (fluorescence
resonance energy transfer) strategy.

Electrophysiological data on TRPM6/7 hetero-
multimerization originated from two-electrode voltage
clamp experiments in the Xenopus oocyte expression
system. Co-expression of TRPM6 and TRPM7 resulted in
a significant amplification of TRPM7-induced currents
(Chubanov et al. 2004). Electrophysiological recordings
from Xenopus oocytes were also supported by manganese
quench experiments. In HEK293 cells, co-expression of
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Figure 4. Patch-clamp analysis of stably transfected TRPM6/7 in
HEK293 cells
TRPM6 and TRPM7 were each stably transfected into HEK293 cells by
using an ecdysone inducible gene expression system (Invitrogen) that
allows the tightly controlled expression of transfected constructs by
induction with Ponasterone A (5 µM). Whole-cell patch clamp
recordings were performed 18–24 h after induction. Without
induction, small endogenous TRPM7 currents are observed (green
curve). Induction of stably transfected TRPM6 does not result in a
significant increase in currents (red curve), whereas induction of a
stably transfected TRPM7 results in the development of large currents
with outward rectification at positive potentials (blue curve) as
described before (Runnels et al. 2001; Nadler et al. 2001). Additional
transient expression of TRPM6 (Fugene6, Roche) in the
Ponasterone-induced TRPM7 cell line leads to a significant
amplification of TRPM7-like currents (black curve).

TRPM6 and TRPM7 results in a marked enhancement of
manganese entry compared with manganese entry in cells
expressing TRPM7 alone (Chubanov et al. 2004).

Finally, these results are also confirmed by functional
analysis of the TRPM6S141L mutation observed in HSH.
The TRPM6S141L mutation observed in an HSH patient
was found to abrogate the interaction between TRPM6
and TRPM7 and the mutant TRPM6S141L is retained
within the cell (Fig. 3). The failure of TRPM6S141L to form
heteromultimers with TRPM7 was also demonstrated
using the FRET technique. Furthermore, the mutant failed
to increase TRPM7-induced currents as does wild-type
TRPM6 in the Xenopus oocyte system (Chubanov et al.
2004). Therefore, the S141L mutation is assumed to
interfere with TRPM heteromultimerization probably in
the endoplasmic reticulum. In addition, these findings
might point to a critical role of the long N-terminus of
TRPM channels for the assembly of tetrameric channel
complexes.

We also replicated the electrophysiological results
obtained in the Xenopus oocyte system in a mammalian
cell system (Fig. 4). For this purpose, TRPM6 and
TRPM7 were stablely transfected into HEK293 cells
by using an ecdysone-inducible gene expression system
(Invitrogen). Uninduced cells displayed only minor
endogenous currents probably indicating endogenous
TRPM7 (Fig. 4, green curve). In line with the results
obtained in Xenopus oocytes, induction of stably trans-
fected TRPM6 with Ponasterone results in currents not
significantly different from endogenous currents (Fig. 4,
red curve). In contrast, Ponasterone induction of a stably
transfected TRPM7 construct leads to an induction of
currents with the typical features observed for TRPM7 in
mammalian cells with pronounced outward rectification
at positive potentials (Fig. 4, blue curve). These currents
are again significantly amplified by transient co-expression
of TRPM6 (Fig. 4, black curve).

Taken together, these data convincingly suggest that
TRPM6 interacts with its homologue TRPM7 to form
functional channel complexes at the plasma membrane,
although this assumption is based on data obtained
in heterologous over-expression systems and TRPM6
channel characteristics may vary in vivo. Furthermore,
information on pore properties and ion selectivity
is still lacking for TRPM6/7 channels. To ultimately
establish the role of TRPM6/7 heterotetramers as an
essential component of the epithelial magnesium uptake
machinery, future studies will have to provide deeper
insight into functional characteristics and regulation
of TRPM6/7 channel complexes. In this context, the
functional analysis of further TRPM6 single amino acid
substitutions observed in HSH patients presents an
attractive approach.

Another intriguing question is whether a putative
heteromeric TRPM6/7 channel complex exhibits distinct
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biophysical properties compared with TRPM7 homo-
tetramers. Whereas TRPM7 putatively serves as an
ubiquitious cellular magnesium uptake mechanism, the
hypomagnesaemic phenotype of HSH patients together
with the expression pattern of TRPM6 suggest that TRPM6
– probably in co-operation with TRPM7 – accomplishes
the uptake of magnesium through the epithelial barrier
in intestine and kidney. One can easily imagine that this
specialized function requires distinct qualities in activation
and regulation of the channel complex.

The isolated TRPM6 kinase domain has already
been shown to exhibit phosphotransferase activity with
properties nearly identical to those of the TRPM7 kinase
domain (Ryazanova et al. 2001). Recent data demonstrate
a critical role of the kinase domain for TRPM7 ion channel
function. While phosphotransferase activity is obviously
not required for channel activation, deletion of the kinase
domain leads to a suppression of ion channel activation
at physiological intracellular magnesium levels (Schmitz
et al. 2003). The authors conclude that the channel
inhibition by intracellular magnesium is influenced by
the co-ordinated action of ion channel and kinase
domains. The ion channel domain probably modulates
phosphotransferase activity either by increasing intra-
cellular magnesium or directly via conformational changes
induced by gating of the channel. The kinase might
then phosphorylate yet unidentified substrates providing
real time information on channel activity or cellular
magnesium status. Therefore, TRPM7 could potentially
serve both as a magnesium uptake mechanism and a
magnesium sensor (Schmitz et al. 2004). In contrast to the
observations reported above, TRPM7 was recently found
to be completely inactive upon deletion of the entire kinase
domain, although the expression level of the C-terminally
truncated protein was very similar to that of wild-type
TRPM7 (Matsushita et al. 2005). Further experimentation
is required to reconcile these discrepant findings.

A scenario similar to that of TRPM7 is well
conceivable for TRPM6. Truncation of TRPM6 prior
to the kinase domain leads to a loss of TRPM6 ion
channel function as observed in HSH (Schlingmann
et al. 2002). Unfortunately, mutations directly affecting
the kinase domain and impairing phosphotransferase
activity have not been identified yet. Potentially, abrogating
phosphotransferase activity does not abolish TRPM6
ion channel function while deleting the kinase structure
destroys ion channel activity as observed for TRPM7.

Very recently, Ryazanov’s group identified annexin 1 as
a first substrate of TRPM7 kinase (Dorovkov & Ryazanov,
2004). Annexin 1 is member of the ‘annexin’ family of
calcium- and phospholipid-binding proteins, that was
originally identified as an endogenous mediator of the
anti-inflammatory actions of glucocorticoids, but was
also implicated in the regulation of cell growth and
apoptosis (Perretti & Solito, 2004; Rescher & Gerke,

2004). Phosphorylation occurs specifically at a conserved
serine residue (Ser5) in the N-terminus of annexin 1, that
is thought to mediate interactions of annexin 1 with
protein ligands and membranes. Though phosphorylation
of annexin 1 at different threonine and serine residues
has been described before, phosphorylation of Ser5 is
possibly specific for TRPM7 protein kinase (Dorovkov &
Ryazanov, 2004). As both, annexin 1 and TRPM7, have
been linked to processes of cell survival and cell growth
(Aarts et al. 2003; Perretti & Solito, 2004), the authors
speculate that the regulation of cell death and proliferation
by TRPM7 involves the phosphorylation of annexin 1 by
TRPM7 kinase. It will be interesting to see if this specific
phosphorylation can also be mediated by TRPM6 kinase
or is specific for TRPM7. As phosphorylation of annexin
1 at its N-terminus possibly alters its membrane binding
abilities, it is intriguing to speculate if phosphorylation of
annexin 1 in turn influences the integrity of the TRPM6/7
channel complex at the cell surface. The discovery of the
substrates of TRPM6 and TRPM7 kinases will certainly be
key in understanding the physiological role and regulation
of these molecules in vivo.

In conclusion, the identification of TRPM6 and
TRPM7 for the first time provides insight into cellular
magnesium transport. The functional properties and
cellular role of TRPM7, the phenotype of HSH patients
with defective TRPM6, and the functional link between
both TRPM proteins point to a crucial role of
TRPM6/7 channel complexes for epithelial magnesium
uptake. The specific functional characteristics and the
regulation of the supposed heterotetramer as a prerequisite
for transepithelial magnesium transport are intriguing
subjects of future investigations. For this purpose,
the combined genetic and functional analysis of defective
TRPM6 identified in HSH patients provides a favourable
opportunity.
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